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SUBJECT:

ABSTRACT

The purpose of this memorandum 1s to provide a technlcal
description of the S-IC stage propellant storage, delivery and
pressurization systems in sufflclent detall such that the user of

—- this information can be better equlpped to understand and assess
S the impact and significance of changes as they occur to the S-IC

stage 1n these areas.

The information and data contalned herein has been
compiled from various Boeing Company and MSFC documentation which
includes design requirements documents, end item specificatlons

and other documentation and data sources.
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BELLCOMM, INC.

SUBJECT: A Description of the S-IC Stage DATE: April 20, 1967
Propellant and Propellant Pres-
surization Systems - Case 330 FRoM: S. H. Levine

MEMORANDUM FOR FILE

The purpose of this memorandum 1s to describe the
S-IC Stage propellant storage, dellvery and pressurlzation
systems in sufficient detail such that the user of this 1in-
formation will be better equipped to understand and assess the
impact and significance of changes which occur to the S-IC Stage
in these areas,

1. LOX Systems (Figure 1)

a, LOX ILoading and Dralnlng IOX 1s loaded (Reference 1) on
‘ the S-IC Stage from a 900,000 gallon ground supply tank
by launch area GSE., The loading sequence 1s as follows:

1. At about T-6.5 hours in the countdown LOX commences
to flow at a throttleable rate of 300 gpm. This
initial flow is used to precool S-IC cryogenic hard-
ware to temperatures suitable for LOX storage and
delivery functions,

2. TLOX is then pumped to the LOX tank at the "slow fill
rate," approximately 1,500 gpm, until a stable
1iquid level 1s reached at which oxidizer "geysering'
(see explanation below) is eliminated (about 5% of
tank volume).

3. A "fast £111 rate," 10,000 gpm, is employed at this
time for the main fill operation until the LOX level
reaches 93% of the total LOX requirement.

4, At thils point, the "slow fill rate"” 1s resumed to
complete LOX loading at about T-5.5 hours 1n the
countdown.

LOX topping to compensate for boiloff prior to 1liftoff
(estimated bolloff rate - 216 gpm) 1s performed at the
original 300 gpm rate, Automatic LOX loading cutoff
backup for the ground system 1s provided by a LOX level
sensor at the top of the tank should the tank become
inadvertently overloaded. LOX loading 1s controllable
to an accuracy of *,25% of the desired LOX welght.
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The 345,000 gallon LOX tank (Reference 2) 1s fllled
through two six-inch diameter f111 and drain lines,
each containing a ground controlled fill and drain
valve (with a valve actuator heater). These lines
are connected between the Intertank Umbilical inter-
face of the stage structure and the fill and drailn
fitting on the LOX tank aft bulkhead.

During LOX filling, the LOX vent valve and the LOX
vent and relief valve (to be discussed later) are
held in an open position while the ullage area is
purged by ground supplied gaseous nitrogen,

LOX drainin%, if required, 1s accomplished at a rate
of about 7,480 gpm via the fill and drain lines pre-
viously mentioned and a six-inch suction line drain
which is connected from the inboard LOX suctlon line
(above the LOX prevalve 1n the Thrust Structure) to
the Aft Umbilical Plate #1 interface. The LOX vent
valve and the vent and relief valve are kept closed
and the tank is pressurlzed during dralnage. This
is done to prevent tank collapse and to establish

an adequate pressure differential with the ground
storage tank, Pressure relief 1s provided should
the tank become overpressurized. A supplementary
emergency drain line, which includes a drain valve,
is connected to the LOX tank aft bulkhead during
static testing only. This enables dralnage of the
TOX system at an accelerated rate (18 minutes).

LOX Measurements Two capacitive type contlnuous

Tevel topping sensors located at the top of the
S-IC LOX tank provide LOX level data to the LCC during
LOX loading. These sensors provide LOX liquid level
data for levels above the 3% ullage level in the tank
and are designed to overlap with the LOX liquid level
measuring system of the S-IC stage.

The LOX liquid level and slosh measurement system
consists of four continuous level variable capacitance
type balanced bridge probes which are located near the
IOX tank wall at 90° intervals. These sensors provide
LOX level data for levels below levels monitored by

the continuous level topplng sensors described above,
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LOX Conditioning An undesirable by-product of LOX

boiloff is "geysering" in LOX suction lines and in
the LOX tank prior to launch, Geysering is a phe-
nomena (Reference 7) whereby as the cryogenic liquid
warms and the LOX saturation temperature 1s reached,
GOX bubbles form in the LOX suctlion lines. As the
bubbles rise to the surface of the cryogenic 1llquid,
the bubble volume increases. Upon approaching the
surface, the bubbles force the cryogenic 1liquld above
the bubbles to break away from the liquid surface
("geyser"). Liquid which has broken away returns to
the surface creating a pressure surge in the llnes,
It 1s posslble for pressure surges (i.e., transient
loads) of the magnitude created by geysering to cause
structural damage of catastrophic proportion. In
additlon to the above, geysering is accompanied by
temperature (i.e., density) variations and stratifi-
cation in the lines. Excesslve density varlation

at pump 1nlets can adversely affect the englne start
process.

A LOX condltioning system employing induced hellum
bubbling and thermal pumping techniques 1s used to
prevent the above problems by providing better thermal
circulatlon., LOX bubbling 1s inlitiated by introducing
round suppllied gaseous helium into LOX suction lines
il and #3 (Figure 1) at a flow rate of 500 scfm (at
-2509F). As the helium bubbles rise, thermal energy
is liberated from the LOX in these lines and thermal
convection currents are created in the upward dlrection.
Interconnect lines containing flow control interconnect
valves connect outboard suction lines to one another
below the LOX prevalves and 1link outboard suctlon
lines to the inboard suctlon line above 1ts prevalve.
Interconnect lines provide the mechanics for completing
thermal convection paths from line #2 and lines #4 and
#5 to the cooled LOX suction lines, #1 and #3 respectively,
where bubbling 1s taking place. Hellum bubbling is
normally terminated when LOX reaches about the 5% level
during loading and is resumed at T-10 minutes in the
countdown to ensure that suctlon lines are below the
LOX saturation temperature. LOX bubbling is completed
at T-71 seconds 1in the countdown, and interconnect line
flow is subsequently prohibited. At thils point, thermal
pumplng has been terminated,
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d. LOX Pressurization (Figure 2 and Table 2) LOX tank
pressurization 1s required to ensure proper englne
turbopump pressure during engine start, thrust bulld-
up and flight. The MSFC minimum steady state LOX
pump net positive suction head (NPSH) requirement on
the S-IC st-ge is 81 feet of LOX (29.8 psia). This
value 1s some 25% above the engine manufacturer's
stated requirement (65 feet).

Preflight pressurization, "prepressurization,” which
commences after helium bubbling is completed, is accom-
plished by supplying GSE gaseous helium, via umbilical,
to the GOX distributor located in the forward bulkhead
of the LOX tank. Prepressurlzation 1s monitored by a
pressure switch, located in the LOX tank forward bulk-
head, which controls the positlon of the ground
pressurant supply valve (GSE), the LOX vent valve and
the LOX vent and relief valve. The maximum prelaunch
ullage pressure is 26 psia. Prepressurization, which
takes about 45 seconds, 1s performed with vent and vent
and relief valves closed and is maintained until 1iftoff.

Inflight pressurization is performed after engine
1ignition by bleeding a small amount of LOX from the

high pressure side of the engine turbopump, at the

maln LOX valve, through the englne heat exchanger (Fig-
ure 3) where engine turblne exhaust heat converts 1t to
GOX. GOX flows from each engine heat exchanger 1nto a
common manifold which contains a GOX flow control valve.
This valve regulates GOX flow to the LOX tank (between
20 and 40 1bs/sec) and maintalns a ullage pressure in
the tank of between 18 and 20 psia by means of a tank
pressure senslng feedback line to the valve. GOX

flows from the flow control valve into the GOX distrib-
utor at the forward apex of the LOX tank and then into
the ullage area of the tank. The inflight pressurlization
system 1s nominally designed for no GOX venting durlng
flight, however, should overpressurization occur, pres-
sure venting by vent valving is electrically inltlated
by pressure switches (2) mounted in the LOX tank dome.
One switch 1s designed to open the LOX vent valve at
pressures of 27.5 to 29.0 psia until T+65 seconds of
flight, while the other 1s designed to open the LOX vent
and relilef valve at pressures of 23.7 to 25.5 psig after
T+75 seconds of flight, Venting by elther pressure
switeh (i.e. valve) may occur between T+65 and T+75
seconds of flight. In the event of pressure swltch or
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solenoid control failure, the vent and relief valve
is designed to mechanically relieve the LOX tank at
pressures in excess of 24,0 psig.

e. ILOX Delivery LOX is delivered to the englnes at a
rate of approximately 3950 1lbs/sec (per engine) by
way of five 17-inch diameter LOX suction lines
(Reference 2). These lines (Figure 4) are equipped
with gimbals and expansion joints to compensate for
englne gimbaling motions, induced stage stresses,
alignment tolerances and thermal growth. Pressure-
volume compensators (PVC) are installed in the ducts
at the aft end to ensure a constant flow rate regard-
less of englne gimbal positlon. Each suctlion line
contalns a normally opened, pneumatic plston-operated
ball-type prevalve which 1is located at the fuel tank
LOX tunnel outlet., Nitrogen control pressure 1is pro-
vided by the solenoid control valve which controls
both the LOX and the fuel prevalves., LOX prevalves
serve as emergency control valves which shut off LOX
flow to the engine durlng statlc test, prelaunch and
flight operations after sensing englne thrust decay.

Each suction line contalns a LOX depletion sensor
(having redundant sensing elements) which 1s capable
of determining the LOX level in the emptyling LOX
system to within *0.4 inches when the LOX level in
the lines is decreasing at a rate of 25 fps. These
sensors provide for initiatlon of the normal mode of
engine shutdown (LOX depletion cutoff) for the S-IC
stage (Figure 5 and Table 1).

2. Fuel Systems (Figure 6)

a. Fuel Loading and Dralning Fuel (RP-1) is loaded aboard
the S-IC Stage at T-20 hours 46 minutes from three
8600 gallon ground supply tanks 1n the followlng sequence:

1. Initial flow of ground supplled fuel beglins at a
flow rate of 200 gpm ("slow f111 rate") and is
fed through the lower bulkhead of the S-IC Fuel
Tank untll it reaches a level of about 10% of
the fuel tank capacity.

2. At this point the flow rate 1s increased to a
maximum rate of 2000 gpm ("fast fill rate") which
continues until a fuel level sensor at the top
of the tank (99% level) 1s triggered.
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3. At this point slow £ill (200 gpm) 1s resumed
unt1l loading 1s completed (sensing done by
the sensor mentloned above) at a propellant
level slightly above the required level (about
102%). Replenishment of fuel at a rate of 200
gpm can be performed during the countdown
anytime a minor fuel loss occurs prior to the
S-IC "level adjust operation.”

4, The "level adjust operation" which occurs at
approximately twenty minutes prior to launch
is used to adjust the fuel from the 102% level
to the required mission level by means of
control of drainage by the fuel level sensor.

The 216,000 gallon fuel tank (Reference 2) is filled
by GSE connected to the S-IC by the Tall Service Mast
on the LUT. One six-inch fill and drain line is con-
nected between the Tail Service Mast disconnect and
the fuel tank aft bulkhead. This line contains a
ground operated pneumatically controlled ball type
£111 and drain valve and provides the filling and
normal fuel draining apparatus for the S-1C stage.

The fuel fill and drain valve and the fuel vent and
rellef valve are kept opened during RP-1 filling

and topping operations. Ground supplled gaseous
nitrogen is provided via prepressurization lines for
purging the tank ullage area and for maintaining a
positive tank pressure durlng the filling and topping
operation. Fuel loading is controllable to an accuracy
of *.25% of the desired fuel welght, The RP-1 loading
operation described, generally takes in the neighbor-
hood of two hours to complete,.

Drainage of the fuel tank 1s conducted using the same
ducting, valves, and fittings as the fuel fill system.
The S-IC fuel vent and relilef valve and the fill and
drain valve previously dlscussed remain open durlng

the "gravity'" drain process. Thls process has a nominal
drain rate of 13,400 1lbs/min. A "pressure" draining
procedure also can be employed to accelerate thls opera-
tion. Thils 1s done by pressurizing the ullage space of
the tank with ground supplied nitrogen and keeping the
S-IC vent and rellef valve closed while the fill and
drain valve 1s in the opened position. "Pressure drain-
ing" enables draining of the tank to be reduced to a

30 minute operation,
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An emergency draining system which employs an
additional drain line (12 inches in diameter)

from the fuel tank aft bulkhead to test stand

GSE (containing a ground controlled pneumatically
operated emergency drailn valve) 1s used to per-
form drainage of the fuel tank in about 18 minutes.
This system 1is connected only for test stand
operations,

b. Fuel Measurements Two continuous level topping
sensors are located at the top of the S-IC fuel
tank for RP-1 loading operations. These capacl-
tance type sensors are capable of measuring fuel
levels above the 2% ullage level in the tank and
are designed to overlap with measurements provided
by the S-IC measuring system.

A slosh measurement system incorporating four
segmented capacitance gauges near the wall of the
fuel tank (at 90° intervals) 1s installed on early
models of the S-IC stage.

Liquid level measurements are provided by a separate
liquid level segmented capacitance gauge which 1s
physically attached to the center LOX suction llne
tunnel 1n the fuel tank.

Temperature sensors (three sets of three sensors),
located at several locations in the tank, have a
tolerance band of *3°F and are used to provlide RP-1
density data to ground systems for fuel loading
operations.

c. Fuel Conditioning The requirement for prelaunch RP-1
conditioning has been deleted from the S-IC stage.

d. Fuel Pressurization (Figures 6 and 7, and Table 2)
Fuel tank pressurization 1s required durilng engine
starting and flight to establish a suitable net
positive suction head (NPSH) at the fuel inlet to
the engine turbopump. The MSFC minimum steady state
RP-1 NPSH requirement is 106 ft. of RP-1 (36.9 psila).
This value 1s 25% above the engine manufacturer's
established requlrement,
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Prepressurlzation of the fuel tank wilith ground
supplied gaseous helium begins at about T-1.5
minutes 1n the countdown, This helium 1s 1lntro-
duced into the cold helium line downstream of

the flow controller and is circulated through

the englne heat exchanger (Figure 3) to the
normally hot helium line and then to the hellum
distributor which is located at the forward apex
of the fuel tank, During prepressurization, the
fuel vent and relief valve is kept closed, A
prepressurization switch located in the fuel tank,
which is disabled at liftoff, is employed to con-
trol ground helium supply GSE valving. This
switch 1s designed to actuate at 29 psla, closing
the ground supply valve, and deactuate at 27.5 psia,

Flight pressurization which 1s initlated at 1liftoff
is accomplished by utilizing a separate hellum
storage and distribution system on the S-IC stage.
This system consists of four helium storage cylinders
mounted in the S-IC LOX tank (Reference 2), a cold
gas line from the helium cylinders' manifold to the
engine turbine exhaust manifold heat exchangers, and
hot gas lines from engine heat exchangers to the

fuel tank helium distributor. The cold gas line
includes a flow controller assembly which 1s designed
to regulate fuel tank pressurization rates, Pres-
surization of hellium cylinders from the ground supply
is accomplished in two steps 1n the countdown.

At about T-6.5 hours they are prepressurized to
approximately 1550 = 40 psia. This is followed by

a pressurization sequence commencing at T-4.8 hours,
after the cylinders have been sufficlently cooled

by LOX loading (to about -280°F), during which the
bottles are pressurized to about 3150 psia. A low
pressure switch and a high pressure switch which are
located in the Intertank Area (near the flow controller
assembly) and a temperature sensor located in one of
the four cylinders, control the helium fill and dump
valve which supplies ground hellum to the bottles.
The hellum flow controller assembly consists of a bank
of five solenold flow control valves which controls
the supply of helium to the heat exchangers and maln-
tains the fuel tank ullage pressure between 24,2 and
29,7 psia. Helium flow to the fuel tank 1s regulated
at a flow rate between 2.5 and 3.5 1lbs/sec. One of
the valves in the Flow Controller Assembly is normally
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opened to provide fall safe operation of the pres-
surization system, three normally closed valves are
programmed by the IU Launch Vehlcle Digital Computer
to fulfill the predetermined needs of the fuel tank,
and the last (normally closed) 1s operated by a
pressure swlitch located 1n the fuel tank to supply
helium demands during flight which are above the
capaclty of the other valves,

A fuel tank vent and rellef valve located 1n the fuel
tank 1s designed to pass hellum at a maximum flow
rate of 3.5 1bs/sec. During flight, thls valve 1is
operated by a rellef pressure swltch mounted in the
forward dome of the fuel tank and set to operate
between 29.7 and 31.5 psla. Provislions are made for
mechanlcal relief between 30.0 and 35.0 psla, should
electrical functioning of this valve or 1ts controls
malfunction,

Fuel Delivery Fuel 1s delilvered to the englnes via

ten 12-inch diameter fuel suction lines (2 per engine)
at a flow rate of 1740.2 1lbs/sec (per engine). Suction
lines are equipped wlth gimbal and expansion Jjoints to
compensate for alignment tolerances, thermal growth and
engline gimbaling (Figure 4). PVC compensating joints
are installed in the ducts to allow line movement whille
maintalining constant fluld volume and to minimize pres-
sure loads that are transmitted to the engine turbo-
pump, Each fuel suction line contains a pneumatic
piston operated, normally opened, ball-type prevalve
which is controlled by nitrogen supplied from the same
solenoid control valve (of the Nitrogen Control Pres-
sure System) which operates the LOX prevalves., Fuel
prevalves are located at the fuel tank outlets of

fuel suction lines and are used for termination of fuel
flow to the engines during static test, prelaunch, and
flight operations. A recent change to launch vehlcle
systems permits prevalves (LOX and fuel) to shut only
after thrust decay has been sensed. Fuel flow rate 1n
each fuel 1line is sensed by a fturbine type flowmeter
which provides flow measurement to S-IC telemetry sys-
tems.

A fuel bi-level depletion sensor with redundant sensling
elements at each level 1s flange mounted through the
rear bulkhead of the fuel container and is used to
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provide backup englne cutoff functlons for the
engine shutdown sequence during flight of the
S-IC stage. This sensor 1s capable of measuring
the fuel level to within %0.10 inches when the
fuel level is decreasing 1in the tank at a maxi-
mum rate of 30 1n/sec.
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